The light activation mechanism of the latent H+-ATPase was investi- (e) The rate of dark decay is accelerated by oxidants (H202 or ferricyanide) and slowed down by dithiothreitol.
phenyl)-1,1-dimethylurea (DCMU) fully inhibits the process. (c) Ascorbate plus diaminodurene or dithionite can restore light activation in DCMUpoisoned chloroplasts. (d) The activated state of the enzyme decays rather slowly (within a few minutes) after illumination of the intact chloroplasts.
(e) The rate of dark decay is accelerated by oxidants (H202 or ferricyanide) and slowed down by dithiothreitol.
It is suggested that the physiological mechanism for regulation of the H+-ATPase involves oxidation and reduction reactions in a manner which resembles the regulation of the light-activated carbon cycle enzymes.
The chloroplast ATP synthase catalyzes the formation of ATP in the light in an essentially irreversible manner. The enzyme has been found, though, to possess a latent ATPase activity. Exposure of the hydrolytic activity requires a special treatment of the chloroplasts, the most common one being preillumination in the presence of an electron carrier and a dithiol reagent. Activation of the ATPase was suggested to involve two principal steps: a lightinduced, AjiH, 2 mediated conformational change followed by an interaction of the modified site with the thiol reagent (for review, see Ref. 3) .
Most of the studies on ATPase activity of the ATP synthase were done in broken, washed (class C) chloroplasts, and their relevance to the in vivo mechanism is not obvious, since some properties of the enzyme might alter during breakage and washing, or interaction with stroma components might be lost. A few recent reports indicate that in intact (class A) chloroplasts, where the active part of the enzyme (CF1) is surrounded by the native stromal content, the ATPase is indeed activated by light. In this case, no addition of electron carriers or thiol reagents is required (12, 19, 20, 23) .
Buchanan et al. (4, 5, 18) and Mills et aL (20) suggested that the activation mechanism for the hydrolytic activity of the ATP synthase in vivo involves thioredoxin, a dithiol protein which is found in the chloroplast stroma and undergoes photoreduction by PSI via ferredoxin-thioredoxin reductase. This was based on studies of the effect of isolated thioredoxin on ATPase activity of the ' Intact chloroplasts were isolated from leaves of 1-to 2-month-old plants, 1 to 2 h after the night period. Isolation procedure was as described previously (24) . Intactness ranged between 60 and 75% as assayed by ferricyanide reduction before and after osmotic shock (16) . CO2 fixation rates as measured by an 02 electrode in a medium containing 0.35 sorbitol, 50 mm Na Tricine (pH 8), 0.25 mM Pi, 10 mm NaHCO3, 1,000 units/ml catalase, and 25 ytg Chl/ ml, ranged between 50 and 70 timol/mg Chl -h.
The ATPase activity of intact chloroplasts was routinely activated by 3 min of illumination with 100,000 lux white light intensity in a thermostated bath at 23°C (unless otherwise stated). The activation medium was the same as the CO2 fixation medium except for the omission of NaHCO3 and the higher Chl concentration (0.35 mg/ml). For ATPase activity assay chloroplasts were osmotically shocked right after illumination (unless otherwise indicated) by a 5-or 10-fold dilution in a medium containing 10 mm Na Tricine (pH 8), 2 mm MgCl2, and 2 mm ATP (containing 1-4 x 105 cpm/ml y-labeled [32P]ATP). The reaction was terminated by addition of 5% TCA plus 0.4 mm Pi and centrifugztion. For other reaction conditions, see "Results." The release of 32Pi was assayed according to Avron (2) as follows: 0.5-ml aliquots of the supernatant were thoroughly mixed with 0. As is also evident from Figure I and Table I (and was also reported in Ref. 19 ), osmotically shocked chloroplasts hydrolyze ATP without a preillumination step at about one-third the rate obtained after activation. This dark activity was neither inhibited by energy transfer inhibitors (Dio-9 in Table I and DCCD in Ref. 16- 19) nor stimulated by uncouplers (Table I) . It might originate in the nonlatent, Mg-specific ATPase located in the envelope membranes (21) . The addition of an uncoupler (0.3-0.4 mm NH4C1) to the assay medium increased the relative activity due to the lightactivated enzyme and was therefore used in all the following experiments. The uncoupler concentration was chosen to yield a linear rate during the assay time. With higher NH4Cl concentrations, the initial rate of ATP hydrolysis was faster as in Carmeli (6), but linearity was not maintained (not shown). The relative inhibition by OAA, KNO2, or MV was the same when assayed in the presence or absence of NH4Cl (Table I) .
Activation by PSI. Activation of the ATPase can be mediated by PSI activity alone. As demonstrated in Table IIA , the PSII electron transfer inhibitor DCMU prevented light activation while having no effect when added after illumination. Reduced DAD, an electron donor to PSI (26) , fully restored light activation in DCMU-poisoned intact chloroplasts. In the absence of ascorbate, DAD restored only 60% of the activity. The dark ATPase activity (of chloroplasts preincubated in dark instead of light) was essentially insensitive to ascorbate plus DAD (not shown).
Dithionite was reported before to restore PSI activity in DCMUinhibited intact chloroplasts (8) . It was also found here to restore partially the light activation of the ATPase (Table IIB) . In this case, however, dithionite by itself inhibited about 50% of ATPase activity when present in the light stage in untreated chloroplasts.
Dark Decay of the Activated State. Dark decay of the activated state was found to be accelerated by oxidizing agents. In Figure 2 , intact chloroplasts were illuminated, then transferred to darkness and aliquots were osmotically shocked and assayed for ATPase activity after different dark intervals. Light-induced activity decayed to half the initial activity (t6/2) within about 100 s dark time.
The addition of the oxidant H202 at the beginning of the dark period markedly accelerated the decay. About 0.5 mm H202 reduced tl/2 by 4-fold. The concentration dependence of the H202 effect is shown in Figure 3 . In this experiment, the dark interval between light activation and ATPase activity assay was kept constant (2 min) while the H202 concentration varied. When present in the assay medium only, (Fig. 3, upper trace) had only a small effect. However, its addition at the end of the preillumination period caused deactivation, with 0.25 mm H202 giving 50% inhibition (Fig. 3, lower trace) .
The chloroplast envelope is highly impermeable to ferricyanide (16) . However, in chloroplasts which were osmotically shocked at Plant Physiol. Vol. 70, 1982 absence of ferricyanide. Its presence at 0.5 to 1.0 mm concentration during this period was sufficient to fully inhibit the activity. In intact chloroplasts, the dark decay was essentially insensitive to ferricyanide, unless the latter was added together with the permeable mediator DAD. In the latter case, the deactivation was much accelerated (data not shown).
The thiol reductant DTT was found to slow down the dark decay of the activated state. DTT (10 mM) increased the tl/2 of the decay by 2.4-fold (Fig. 2) . When assayed immediately following light activation, ATPase activity was the same in the presence or absence of DTT (time-0 in Fig. 2) , suggesting that the endogenous thiol compound is sufficient for maximal activation under the experimental conditions used.
DISCUSSION
In the work described here, the effect of electron carriers, oxidants and reductants on the light activation and dark deactivation of intact chloroplast H+-ATPase was investigated. Mg2+-dependent ATPase activity was assayed in osmotically shocked chloroplasts which had been preilluminated while intact. The addition of PSI electron acceptors was found to inhibit the light activation process. Physiological as well as nonphysiological, envelope-permeable electron acceptors had an inhibitory effect only when present during preillumination ( Fig. I ; Table I ). The reduction of these acceptors by illuminated intact chloroplasts is known to be coupled to the formation of a transthylakoid pH gradient (I 1, 14) . The activation of ATPase in broken chloroplasts requires both the formation of ApH and modification of the membrane bound CF1 by a thiol reagent (3). By analogy, the inhibition of the activation in intact chloroplasts might be due to an effect on the reduction of a native thiol reagent since ApH is not decreased but rather increased by the electron acceptors. Moreover, the degree of inhibition correlates well with the site of electron acceptance relative to the site of ferredoxin. The best inhibitor was MV, followed by N02-, OAA, PGA, and HCO3 (Table I) (Table II) . The restoration by dithionite might be the result of a direct reduction of the physiological thiol activator and/or restoration of cyclic electron flow which would also provide AiH' (8) . The results are compatible with those described by Mills et al. (20) for DCMU-treated broken chloroplasts supplied with ferredoxin, thioredoxin reductase, and reduced dichlorophenolindophenol under anaerobic conditions. A control mechanism which involves an activation process is expected to also involve a deactivation reaction which would convert the ATPase back to its latent state. The dark decay of ATPase in broken chloroplasts is increased by ADP and slowed down by Pi (7) . In intact chloroplasts, where both ATP, ADP, and Pi are part of the stromal content (for review, see Ref. 15) , the half-time for dark decay is rather slow, about 100 s (Fig. 2) . Halftimes for dark decay of 3 or 7 min have been reported for ATPase activity of intact chloroplasts as assayed by ATP-induced ApH formation (19) or reverse electron transport (23) , respectively. Therefore, inactivation of the ATPase by tight binding of ADP to CF1 which occurs within a few s after illumination (25) may not play an important role in this respect in vivo.
Alternatively, it is suggested here that the latent and activated states of the enzyme are controlled by oxidation-reduction reactions as indicated by the stimulation of dark decay by H202 and ferricyanide and inhibition by DTT (Figs. 2-4) . A similar control mechanism has been described for light-activated stromal enzymes involved in C02 fixation, like fructose 1,6-bisphosphatase, phosphoribulokinase, NADP-malate dehydrogenase, etc. They were all suggested by Buchanan et al. (4, 5) to be activated by reduced thioredoxin and inactivated by either soluble or membrane-bound oxidants or by a yet unknown mechanism (5, 27) . H202 is a physiological oxidant which is generated in the light and reversibly inhibits C02 fixation by intact chloroplasts (9) . More specifically, it inhibits enzymes which require reduced sulfhydryl groups for activity, including fructose or sedoheptulose bisphosphatase and phosphoribulokinase (10, 13) . Thus, even though the carbon-cycle enzymes mentioned are considered to be soluble while CF, is a membrane bound enzyme, they all seem to share common mechanisms of activation and deactivation.
A somewhat different mechanism for the light activation of the carbon-cycle has been suggested to include membrane-bound light effect modulators (LEMs) which might accept electrons at different sites following PSI (1). The data presented here do not exclude the possibility that such modulation might participate also in the activation of the H+-ATPase in vivo, although the ease of removal of the ATPase activator (19, 20) favors the involvement of soluble factors.
Another aspect related to this work is worth mentioning. The chemiosmotic hypothesis postulates the existence of two separate proton pumps in the thylakoid membrane (as well as in other energy conserving systems): the electron transfer chain and the ATP synthase complex. These are linked to each other via the common proton pool. The data presented here suggest that the electron transport system also interacts with the ATP synthase through oxidgtion-reduction reactions at the level of the acceptor side of PSI., Indeed 
